A genome-wide scan was conducted for the levels of total immunoglobulin G (IgG) and IgG subclasses directed against Plasmodium falciparum antigens in an urban population living in Burkina Faso. Non-parametric multipoint linkage analysis provided three chromosomal regions with genome-wide significant evidence (logarithm of the odds (LOD) score 43.6), and five chromosomal regions with genome-wide suggestive evidence (LOD score 42.2). IgG3 levels were significantly linked to chromosomes 8p22-p21 and 20q13, whereas IgG4 levels were significantly linked to chromosome 9q34. In addition, we detected suggestive linkage of IgG1 levels to chromosomes 18p11-q12 and 18q12-q21, IgG4 levels to chromosomes 1p31 and 12q24 and IgG levels to chromosome 6p24-p21. Moreover, we genotyped genetic markers located within the regions of interest in a rural population living in Burkina Faso. We detected genome-wide significant and suggestive linkage results when combining the two study populations for chromosomes 1p31, 6p24-p21, 8p22-p21, 9q34, 12q24 and 20q13. Because high anti-parasite IgG3 and low anti-parasite IgG4 levels were associated with malaria resistance, the chromosomal regions linked to IgG3 and IgG4 levels are of special interest. Although the results should be confirmed in an independent population, they may provide new insights in understanding both the genetic control of IgG production and malaria resistance.
INTRODUCTION
Plasmodium falciparum malaria remains a major cause of worldwide mortality and morbidity. Host genetic factors and host immune responses have been shown to influence parasitaemia and clinical malaria. Several candidate genes have been associated with resistance against clinical malaria or parasitaemia, 1 whereas genome-wide scans mapped several loci controlling mild malaria and/or parasitaemia. [2] [3] [4] Furthermore, cellular and humoral responses have been shown to be associated with enhanced resistance against malaria, 5 and to be genetically controlled. 6 Anti-P. falciparum immunoglobulin G (IgG0 antibodies) are thought to have a critical role in immune protection against asexual blood stages of the parasite. They cooperate with effectors cells, such as monocytes, to kill the parasite through antibodydependent cellular mechanisms, as shown by in vitro studies. 7 Passive transfer of IgG in humans has demonstrated their protective effect in vivo. 7 Furthermore, many studies evidenced the association of high levels of cytophilic IgG subclasses and reduced parasitaemia or risk of clinical malaria; [8] [9] [10] [11] these include IgG1, IgG3 and also IgG2 for individuals carrying the H131 allelic form of FCGR2A. 12, 13 In contrast, some studies revealed a potential anti-protective role of IgG4, which was associated with susceptibility to malaria, and which may block the protective effect of cytophilic IgG. 12 There is a growing body of evidence for human genetic factors controlling the level of IgG responses against P. falciparum antigens. Segregation analyses and familial correlation detected a significant effect of genetic factors, 14, 15 and candidate genes studies further supported those results. In particular, HBB, IL4, IL10, HLA-G, FCGR2A, G6PD, CD36 and tumor necrosis factor (TNF) have been associated with IgG or IgG subclass levels. 13, [16] [17] [18] [19] [20] [21] However, there is no published genome-wide scan for IgG or IgG subclasses directed against P. falciparum antigens.
To search for loci controlling IgG responses against P. falciparum antigens, we carried out a genome-wide scan in an urban population living in Burkina Faso, and we genotyped genetic markers located within the regions of interest in a rural population living in Burkina Faso.
RESULTS
Non-parametric linkage analyses performed in the initial population comprising 30 pedigrees corresponding to 36 nuclear families provided evidence at the genome-wide level (logarithm of the odds (LOD) score 43.6) for linkage of IgG subclass levels to three chromosomal regions (Table 1 Figure 1 ). IgG3 levels were linked to chromosomes 8p22-p21 and 20q13 (LOD score = 4.46; P = 0.000003; LOD score = 4.61; P = 0.000002), whereas IgG4 levels were linked to chromosome 9q34 (LOD score = 4.01; P = 0.000009). The 1-LOD drop areas for quantitative trait loci location on chromosomes 9q34, 8p22-p21 and 20q13 spanned large regions ( Table 1) Figure 1 and Table 1 . Figure 3 shows the peak of suggestive linkage of IgG levels to chromosome 6p22-p21. Moreover, Table 1 shows the results of linkage when including parasitemia as a covariate; the analyses yielded LOD score values close to the ones obtained without parasitemia as a covariate.
, Figures 1, 2 and Supplementary
To determine whether the regions positive for linkage in the initial population could be replicated in an independent population, genetic markers were genotyped in the additional population comprising 36 pedigrees corresponding to 64 nuclear families. There was no independent evidence of linkage for those regions. However, combined analysis of these regions provided evidence of significant linkage of IgG3 levels to chromosome 20q13 (LOD score = 4.14; P = 0.000006), and suggestive linkage of IgG3 levels to chromosome 8p22-p21 (LOD score = 3.38; P = 0.00004), IgG4 levels to chromosomes 1p31 (LOD score = 2.36; P = 0.00049), 9q34 (LOD score = 2.87; P = 0.00014) and 12q24 (LOD score = 2.22; P = 0.00069), and IgG levels to chromosome 6p24-p21 (LOD score = 2.79; P = 0.00017), as shown in Table 1 and Figures 1-4.
DISCUSSION
We carried out a genome scan in 36 families living in an urban district of Bobo Dioulasso in Burkina Faso to identify loci controlling the levels of IgG and IgG subclasses directed against P. falciparum antigens. The multipoint linkage analysis provided genome-wide significant linkage of IgG3 levels to chromosomes 8p22-p21 and 20q13, and IgG4 levels to chromosome 9q34. These results are of particular interest because there is accumulating evidence that IgG3 protects against malaria, [8] [9] [10] [11] whereas IgG4 may block the protective effect of cytophilic IgG. 12 Moreover, we detected genome-wide suggestive linkage of IgG1 levels to chromosomes 18p11-q12 and 18q12-q21, and IgG4 levels to chromosomes 1p31 and 12q24, and IgG levels to chromosome 6p24-21. Interestingly, chromosome 6p21.3 was linked to parasitaemia and mild malaria in the same population. 2, 22 In other populations, ABO blood group genes located within chromosome 9q34 were associated with parasitemia and severe malaria, 23, 24 whereas chromosome 12q22 was linked to mild malaria in a Senegalese population. 3 Because the antibody levels may depend on the exposure to parasite antigens, we further assessed the linkage of IgG and IgG subclass levels to the chromosomal regions of interest when taking into account parasitemia; the analyses yielded very similar results, ruling out the possibility of false linkage results due to this confounding factor. All together, these results suggest that some loci controlling the production of IgG or IgG subclasses may control parasitemia or mild malaria. It should be stressed, however, that we did not found linkage of IgG levels to chromosome 5q31-q33, which contains numerous genes encoding cytokines, and which was linked to parasitaemia. 3, 4, [25] [26] [27] [28] Thus, it seems that genetic variation within IL4, IL5 and IL13 genes located within chromosome 5q31-q33 does not markedly alter the levels of IgG and IgG subclasses against P. falciparum antigens in our study population, although those genes are known to be involved in antibody production, and although IL4 polymorphism was associated to antimalarial IgG levels. 21 In the same way, we did not find, in the chromosomal regions linked to IgG phenotypes, any genes encoding the cytokines known to be involved in isotype switching or B cell proliferation and differentiation, such as IL6, IL10 or IFNγ. TNF located within chromosome 6p21.3, which was linked to mild malaria and IgG levels, is involved in B cell proliferation, 29 and may therefore alter IgG and IgG subclasses levels in the population living in malaria-endemic areas. In this way, several TNF polymorphisms were associated with IgG levels. 16 We further genotyped genetic markers located within chromosomal regions identified in the genome scan in 36 pedigrees corresponding to 64 nuclear families living in a rural area in Burkina Faso. We did not replicate the linkage results found in the population living in the urban area. This may be explained by different malaria-transmission intensity, the one of the rural area being eightfold higher than the one of the urban area; 30 the ethnic groups were also different in those areas, suggesting that the genetic background may differ. 30 Nevertheless, the combined analysis yielded genome-wide significant and suggestive results, further supporting the potential role of chromosomal regions, such as chromosomes 8p22-p21, 20q13, 9q34 and 6p24-p21.
In conclusion, we report for the first time genome-wide significant and suggestive linkage results for the levels of IgG and IgG subclasses directed against P. falciparum antigens. However, those results should be confirmed in independent populations, and the genes underlying the peak of linkage should be identified. This may provide new insights into understanding both the genetic control of IgG production and malaria resistance.
MATERIALS AND METHODS

Subjects and phenotype determination
The initial study population consisted of 200 individuals belonging to 30 pedigrees corresponding to 36 nuclear families living in an urban district of Bobo Dioulasso in Burkina Faso; the mean age of sibs who have been genotyped was 13.5+6.0 years (range 1-34 years). Most of those individuals belonged to the Mossi ethnic group, whereas the other groups were Dafing, Guian, Bissa, Samogo, Nounouma and Bobo. The additional study subjects live in a rural area, Logoforousso, a village to the south-west of Bobo-Dioulasso (Burkina Faso). The study population comprised 226 subjects from 36 pedigrees corresponding to 64 nuclear families; the mean age of the sibs who have been genotyped was 10.1+4.7 (3-29 years). All those individuals belonged to the Bobo ethnic group. The populations and the areas of parasite exposure have been extensively described. 30 Informed consent was obtained individually from all participants or their parents. The protocol was approved by the regional and national medical authorities of Burkina Faso.
The measurements of IgG subclasses directed against P. falciparum blood stage extracts were previously performed; we used the data sets previously reported. 12 In brief, the P. falciparum W2 strain (Southeast Asia) was maintained and synchronized. Schizonts were isolated from infected red blood cells based on a treatment with saponin, were sonicated on ice in phosphate-buffered saline-containing protease inhibitors. Sonicates were centrifuged, and the supernatants were filtered through a 0.22-μmpore-size membrane, and were aliquoted and stored at − 70°C until further use. Enzyme-linked immunosorbent assay plates (Nunc, Illkirch, France) were coated with 1 μg of P. falciparum extract ml − 1 in sodium carbonate buffer (100 mM, pH 9.6). Plates were saturated with 3% bovine serum albumin in phosphate-buffered saline. Serum dilutions were incubated for 2 antihuman IgG (Jackson Laboratories, Suffolk, UK). The anti-IgG1 and -IgG were conjugated to alkaline phosphatase, the anti-IgG2 and -IgG3 were biotinylated, and the anti-IgG4 was unlabelled. F(ab′) 2 anti-mouse IgG conjugated to alkaline phosphatase was used for IgG4 detection. Signal amplification was performed for IgG2 and IgG3 detection by using streptavidin and biotinylated alkaline phosphatase (Pierce, Waltham, MA, USA); the sensitivity of the assay was 30-fold higher than that of the assay using the same monoclonal antibodies conjugated to alkaline phosphatase. After 2 h of incubation at room temperature, enzymatic activities were revealed by p-nitrophenyl phosphate (Sigma, Lyon, France) (1 mg ml − 1 ) in Tris buffer (pH 9.6). The optical densities were read at 405 nm using a DIAS automatic plate reader (Dynex Technology, Denkendorf, Germany). A pool of 200 sera was used to draw a standard curve. All tests were done in duplicate, and antibody levels were calculated by using the standard curve and were expressed as arbitrary units. To allow for zero values in further analyses, we applied a logarithmic transformation to the arbitrary units (LAU = log(1 + AU)).
Furthermore, we compared the antibody levels measured in July, at the end of dry season (P1), and in December, at the end of the rainy season (P2), by calculating the Spearman correlation coefficient. There was a correlation between P1 and P2 for IgG (r = 0.68; Po 2 10 −16 ), IgG1 (r = 0.70; Po2 10 − 16 ), IgG2 (r = 0.68; P o2 10 − 16 ), IgG3 (r = 0.80; Po 2 10 − 16 ) and IgG4 (r = 0.71; Po 2 10 − 16 ) in the initial population, and for IgG (r = 0.78; Po2 10 − 16 ), IgG1 (r = 0.41; P = 10 − 7 ), IgG2 (r = 0.60; Po2 10 − 16 ), IgG3 (r = 0.88; Po2 10 − 16 ) and IgG4 (r = 0.64; Po 2 10 − 16 ) in the additional population. In spite of this correlation, there was significant variation of some antibody levels between P1 and P2 using the paired Student's ttest. 12 We therefore took into account the influence of the date of bleeding in further calculations. The mean LAU and s.d. were calculated at P1 and at P2. To correct the individual LAU for the visit effect, the LAU was standardized at P1 and at P2, and the mean of adjusted LAU was calculated for each subject, as previously described. The influence of age and gender on mean of adjusted LAU was further evaluated using regression; gender and age were considered to be a qualitative variable and a continuous variable, respectively. There was no association between gender and antibody levels, whereas there was an effect of age for all the antibody levels. We further adjusted for the effect of age and squared age for each IgG subclass. In some analyses, we included parasitemia as a covariate to check whether taking into account parasitemia alters the linkage results. The residual was the phenotype used in the statistical analyses. In all, 135 sibs and 56 parents from the initial population had antibody phenotypes, whereas 124 sibs and 80 parents from the additional population had antibody phenotypes.
Genotyping
Genotypes corresponding to the genome scan were previously characterized in the initial population. 2 In brief, a genome scan was performed by using 400 microsatellite markers (Panel MD-10, Applied Biosystems, Saint-Aubin, France), with an average distance of 10 cM. Multiplex polymerase was performed under standard conditions, and the products were analysed by using an ABI377 systems (Applied Biosystems). Additional genotypes that were previously characterized in the initial study population were used for chromosome 6p21.3 (TNFb, TNFd, D6S291). 22 Moreover, microsatellite markers located within chromosomal regions linked to an antibody phenotype in the initial population were genotyped in the additional population. These are markers located on chromosomes 1 (D1S2890, D1S230, D1S2841, D1S207), 6 (D6S470, D6S289, D6S422, D6S276, TNFb, TNFd, D6S291, D6S1610, D6S257), 8 (D8S550, D8S549, D8S258, D8S1771, D8S505), 9 (D9S290, D9S164, D9S1826, D9S158), 12 (D12S79, D12S86, D12S324, D12S1659, D12S1723), 18 (D18S53, D18S478, D18S478, D18S1102, D18S64) and 20 (D20S196, D20S100, D20S173, D20S171). The additional microsatellite markers were genotyped under standard conditions, and the products were analysed by using an ABI377 systems (Applied Biosystems). Mendelian inconsistencies were checked using the PedCheck program, 31 whereas unlikely genotypes were detected using the MERLIN program. 32 Genotypes creating inconsistencies were corrected after re-examining raw data and re-genotyping, if necessary. Among the individuals having antibody phenotypes, 133 sibs and 56 parents from the initial population had genotypes corresponding to the genome scan, whereas 122 sibs and 80 parents from the additional population had genotypes for selected markers.
Statistical analyses
Nonparametric multipoint linkage analyses were performed with MERLIN. 32 The Merlin-regress method was used to search for chromosomal regions linked to each phenotype. It implements a modified Haseman-Elston algorithm, and uses a regression-based procedure for linkage analysis with trait-squared sums and differences for identity by descent sharing predictions between non inbred pairs. 33 The mean and the variance were calculated for each phenotype, and were used to run the linkage analyses. 
